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FOR 



UNITED STATES LETTERS PATENT 



SPECIFICATION 



TO ALL WHOM IT MAY CONCERN: 

Be it known that, Ali Shajii, Siddharth P. Nagarkatti, and John A. Smith, citizens of Iran, 
India, and the United Kingdom, respectively, and residing in Canton, MA, Acton, MA, 
and Andover, MA, respectively, have invented certain improvements in a TWO PHASE 
FLOW SENSOR USING TOMOGRAPHY TECHNIQUES of which the following 
description in connection with the accompanying drawings is a specification, like 
reference characters on the drawings indicating like parts in the several figures. 
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TWO PHASE FLOW SENSOR USING TOMOGRAPHY TECHNIQUES 



FIELD OF THE INVENTION 

[0001] The present invention relates to flow sensors. In particular, the present invention 
relates to two phase flow sensors that use tomography techniques. 

BACKGROUND 

[0002] Flow sensors measure the quantity or rate of fluid flowing through a given cross- 
sectional area over a given time interval. In particular, a two phase flow sensor measures 
the quantity or rate of fluid flow for a fluid mixture that includes two different phase 
components (e.g., gas/liquid, liquid/solid, solid/gas, etc.). Examples of two phase flow 
measurements include, but are not limited to: bubble flow, wavy flow, slug flow, annular 
flow, and slurry flow. 

[0003] Two phase flow measurements have widespread applications in many industries, 
including the semiconductor industry. For the semiconductor industry, in particular, the 
measurement of slurry flow is an area of particular interest. A slurry is a specialized 
solution that contains free abrasives, and is used for chemical-mechanical polishing of 
wafers. An accurate flow measurement is necessary for control of slurry flow. 

[0004] When the flowing medium contains more than one phase component, a gas and a 
liquid by way of example, the gas-to-liquid ratio may be unknown, and may change 
slowly over time. In this case, an exact knowledge of the mixing ratio and the properties 
of the components of the fluid mixture is needed. However, at present there is a lack of 
flow sensors that can dynamically incorporate the properties of the components of a 
multi-component fluid mixture, for two phase flow. Using conventional flow sensors, it 
is necessary to perform separate calibrations each time the ratio of the phases in the fluid 
mixture changes. 

[0005] It is therefore desirable to provide a method and system for measuring two phase 
flow that allows the ratio of the different constituent phases in the fluid mixture to be 
determined, thereby allowing for an accurate measurement of the two phase flow rate. 
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SUMMARY 

[0006] The present invention features the use of tomography techniques to obtain an 
accurate measurement of two phase fluid flow. In particular, tomography measurements 
are made in order to determine the concentration ratio of the different phase components 
(e.g., gas/liquid, gas/solid, or liquid/solid) of the two phase flow. Ultrasound 
measurements (or measurements using pressure waves or thermal waves) are made to 
determine approximate flow rates for the two phase flow, using the difference in the 
speed of propagation of sound within the different phase components of the fluid 
mixtures. The tomography measurements and the ultrasound measurements can be 
combined to provide an accurate two phase flow rate of the fluid mixture. 

[0007] A system is provided for measuring a two phase flow rate of a fluid mixture that 
flows through a tubular vessel. The fluid mixture contains at least a first component 
characterized by a first phase, and a second component characterized by a second phase. 
The system includes a tomography unit for determining the concentration ratio between 
the first phase component and the second phase component. The system includes a first 
sensor for providing a first approximate flow measurement for the fluid mixture, 
and a second sensor disposed at a known orientation relative to the first sensor, for 
providing a second approximate flow measurement for the fluid mixture. In one 
embodiment, the first and second sensors are, preferably, ultrasound sensors. 

[0008] The system includes a processor for computing the actual two phase flow rate of 
the fluid mixture using the concentration ratio, and the first and second flow 
measurements. The two phase flow rate is related to the concentration ratio and to the 
first and second flow measurements by a known relationship. In one embodiment, the 
first and second sensors include an ultrasound transmitter for transmitting an ultrasound 
wave through the fluid mixture, and an ultrasound receiver for detecting the transmitted 
ultrasound wave. In one embodiment, the direction of propagation of said first ultrasonic 
wave makes an angle ftf2 - 0] with respect to the direction of flow of the fluid mixture, 
and the direction of propagation of the second ultrasonic wave makes an angle [rc/2*- 0] 
with respect to the direction of flow of the fluid mixture. 
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[0009] In this embodiment, the known relationship between the actual flow rate and the 

approximate flow rates is given by: 

sin(fl) , , 
v = — ^.( Wl -w 2 ), 

where 

v is the two phase flow rate of the fluid mixture; 
uj is the first approximate flow rate; and 
ii2 is said second approximate flow rate. 

[0010] In this embodiment, the first approximate flow rate u\ is given by: 
1 

sin(0 j 

and the second approximate flow rate is given by: 
1 

sin(0) 

where c m i X is the speed of sound within the fluid mixture, and is given by 
where 

Cfirst is the speed of sound within the first fluid component, 

Csecond is the speed of sound within the second fluid component, and 

p is the tomographically measured concentration ratio of the first and second fluid 

components. 

[001 1] A method is provided for determining a two phase flow rate of a fluid mixture 
through a vessel, the fluid mixture including at least a first fluid component characterized 
by a first phase and a second fluid component characterized by a second phase. The 
method includes performing a tomography measurement of the fluid mixture flowing 
through the vessel, so as to determine a concentration ratio p between the first and second 
phase components within the mixture. The method includes obtaining a first flow 
measurement and a second flow measurement, by using a first and a second transducer 
sensor (in one embodiment, preferably ultrasound sensors) to transmit waves through the 
fluid mixture and detect the transmitted waves. The method includes computing the two 
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phase flow rate of the fluid mixture as a known function of the ratio p, the first and 
second approximate flow measurements, and the direction and speed of transmission of 
the waves. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 illustrates a block diagram of a flow sensor, constructed in accordance 
with one embodiment of the present invention. 

[0013] FIG. 2 illustrates first and second flow measurements, obtained by transmitting 
first and second ultrasonic waves through the fluid mixture. 

[0014] FIG. 3 illustrates the arrangement of the components of a flow sensor, constructed 
in accordance with one embodiment of the present invention. 
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DESCRIPTION 

[001 5] The present invention is directed to a two phase flow sensor, for accurately 
measuring the two phase flow rate of the fluid mixture containing at least a first fluid 
phase component, and a second fluid phase component. Tomography measurements are 
performed in order to determine the ratio of the different phase components of the fluid 
mixture. A pair of approximate flow measurements are made by transmitting waves (e.g. 
ultrasound waves or pressure waves) through the fluid mixture. The approximate two 
phase flow rates are determined using the measured speed and direction of propagation of 
the waves. The actual two phase flow rate can then be determined, as a function of the 
concentration ratio obtained by tomography measurements, and the approximate two 
phase flow rates. 

[0016] FIG. 1 illustrates an overall schematic block diagram of a flow sensor 10, 
constructed in accordance with one embodiment of the present invention, for measuring 
the two phase flow of a fluid mixture 12 flowing through a vessel 14. The fluid mixture 
12 contains at least two different phase components. Preferably, the fluid mixture 
contains a first fluid component characterized by a first phase (e.g., gas), and a second 
fluid component characterized by a second phase (e.g., liquid). The first phase and the 
second phase may be any one of a gas, a liquid, and a solid. For example, the fluid 
mixture 12 for two phase flow may include, but is not limited to, bubble flow (air bubbles 
in water - gas/liquid), oil/gas (gas/solid) mixtures (found for example in fluidized beds), 
and oil/liquid mixtures. 

[0017] In overview, the flow sensor 10 in the illustrated preferred embodiment includes a 
tomography unit 16, a transducer unit 18, and a modeling unit 20. The tomography unit 
16 makes a tomography measurement of the fluid mixture 12, to determine the 
concentration ratio p between the first phase component and the second phase 
component. The transducer unit 1 8 determines at least two approximate values (referred 
to in FIG. 1 and FIG. 2 as Uj and U2) of flow measurements for the two phase fluid 
mixture 12, by transmitting waves (including but not limited to ultrasound waves, 
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pressure waves, or thermal waves) through the fluid mixture 12, and measuring the speed 
and direction of propagation of the waves through the two phase fluid mixture 12. The 
modeling unit 20 computes an actual two phase flow rate v, using the concentration ratio 
p obtained from the tomography unit 16, and the approximate flow measurements ui and 
U2 obtained from the transducer unit 18. 

[0018] Tomography systems are useful for obtaining an image of a cross-section of an 
object. In particular, tomography systems have been used to monitor two phase fluid 
mixtures (e.g., oil/gas mixtures or oil/liquid mixtures). In a preferred embodiment, the 
tomography unit 16 is a capacitance-based tomography system, typically referred to in 
the art as an ECT (Electrical Capacitance Tomography) system. As known in the art, 
ECT systems are useful for obtaining information about the spatial distribution of a 
mixture of dielectric materials inside a vessel. ECT is a technique for measuring and 
displaying the permittivity distribution of a mixture of dielectric fluids inside a closed 
pipe or vessel. When just two materials are present, ECT can be used to measure the 
concentration distribution of the fluid mixture. In the present invention, the tomography 
unit 16 is preferably an ECT system that can be used to obtain information regarding the 
spatial distribution or concentration ratio of the first phase component to the second 
phase component. Commercially available ECT systems, known and used in the art, may 
be used. 

[0019] In a preferred embodiment of the invention, the tomography unit 16 is a 
capacitance-based system that includes sets of electrodes (i.e., electric sensors) that are 
mounted circumferentially around a pipe. The electrical capacitances between the sets of 
electrodes (placed around the periphery of the vessel 14) are measured, and the data are 
converted into an image that shows the distribution within the vessel 14 of the dielectric 
permittivity. Typically, a reconstruction algorithm is applied to the data in order to find 
the dielectric permittivity distribution within the vessel 14. When the vessel contains a 
mixture of different dielectric materials, as in the present invention, such a dielectric 
permittivity distribution corresponds to the concentration distribution. For example, in 
the case of a gas/liquid mixture, the gas-to-liquid concentration ratio can be defined as: 
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Liquid - Gas 
^ Liquid 

[0020] The transducer unit 18 includes at least two transducer sensors, and provides a 
first approximate flow measurement Ui from the first sensor, and a second approximate 
flow measurement U2 from the second sensor. In a preferred embodiment, the transducer 
sensors are ultrasound sensors for measuring the velocity of ultrasound waves that 
propagate through the vessel In other embodiments, however, other types of transducer 
sensors (including but not limited to pressure sensors and thermal sensors) may also be 
used without departing from the scope of the present invention. The modeling unit 20 is 
preferably a multi-processor computer, and computes the actual two phase flow rate, 
using as input the concentration ratio p obtained from the tomography unit 16, and the 
first and second approximate flow measurements. 

[0021] FIG. 2 diagrammatically illustrates first and second approximate flow 
measurements Ui and U2, determined by transmitting first and second waves through the 
fluid mixture 12. In the illustrated preferred embodiment, the first and second waves are 
ultrasound waves. The flow measurements Ui and u 2 are approximate, and do not exactly 
equal the flow rate of the mixture, because the speed of sound in the fluid mixture 12 
varies with the composition of the mixture. A first ultrasound sensor 100 is used to 
obtain the first approximate flow measurement m, and a second ultrasound sensor 1 10 is 
used to obtain the second approximate flow measurement u 2 . These two measurements 
are required in order to compute the actual flow rate v of the fluid mixture 12. In the 
illustrated embodiment, the flow measurement ui is measured in the same direction as the 
fluid flow, and u 2 is measured in the opposite direction of flow. 

[0022] Using the composition of the fluid mixture 12, as captured by equation (1) in 
paragraph 14, the speed of sound in the fluid mixture 12 can be determined by the 
following expression: 

c mix =c r p + c 2 -(l-p), (2) 

where c mix is the speed of sound in the fluid mixture 12, ci is the speed of sound in the 
first phase component of the mixture 12, c 2 is the speed of sound in the second phase 
component of the mixture 12, and p is the concentration ratio obtained from tomography 
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measurements. 



[0023] The first ultrasound sensor 100 includes a first ultrasound transmitter 120 for 
transmitting a first ultrasound wave through the fluid mixture 12, and a first ultrasound 
receiver 130 for detecting the transmitted ultrasound wave. The second ultrasound sensor 
1 10 includes a second ultrasound transmitter 140 for transmitting a second ultrasound 
wave through the fluid mixture 12, and a second ultrasound receiver 150 for detecting the 
transmitted ultrasound wave. Commercially available ultrasound transmitters and 
receivers, known in the art, may be used. 

[0024] As seen from FIG. 2, the ultrasound transmitters 120 and 140, and the ultrasound 
receivers 130 and 150, are placed on a periphery of the vessel 14. The smallest angle 
subtended by the ultrasound transmitters 120 and 140 to the vertical (i.e. an axis 1 12 
normal to the outer surface of the vessel) is indicated as 9 in FIG. 2. In this embodiment, 
the direction of propagation of the first ultrasonic wave makes an angle [nil - 0] with 
respect to the direction of flow of the fluid mixture 12. The direction of flow of the 
second ultrasonic wave makes an angle [%/2 + 6] with respect to the direction of low of 
the fluid mixture. 

[0025] In this exemplary configuration, the approximate flow rates Uj and U2 are 
determined as follows: 

1 

u i =c mu+— ^-v, (3) 
sin(0) 

1 

u 2 = c. V, 

i mix • ' 

sin(0) 

where c mix is the speed of sound in the fluid mixture 12, 

v is the actual flow rate of the fluid mixture 12, and 0 is the smallest angle subtended by 
the ultrasound transmitters with the vertical. 

[0026] From equation (3) above, the two phase flow rate of the fluid mixture can be 
solved for as follows: 

v = — — (u y -u 2 ) (4) 
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[0027] FIG. 3 illustrates an arrangement of the components of a flow sensor 200, 
constructed in accordance with the present invention. In order to obtain results that are as 
accurate as possible, it is preferred that the fluid mixture 12 be as homogeneous as 
possible. Improving the homogeneity of the fluid mixture can be achieved in a number of 
ways. For example, an agitator or screen can be used. In the embodiment illustrated in 
FIG. 3, bends 215 and 220 are introduced in the piping of the vessel 14, in order to 
improve the homogeneity of the fluid mixture 12 flowing through the vessel 14. 

[0028] As seen from FIG. 3, the flow sensor 200 includes an ECT sensor 210. The 
homogenized fluid mixture 12 passes through the ECT sensor 210, which determines the 
concentration ratio of the fluid mixture. As explained earlier, the ECT sensor 210 
includes a number N of electrodes arranged circumferentially. Typically, the ECT sensor 
210 provides an image of the dielectric components of the fluid mixture 12 inside the 
sensor 210, by performing a number of steps. First, a sensitivity map of the sensor is 
calculated. The sensitivity map is a numerical matrix whose elements correspond to the 
individual pixels in a rectangular grid, which is superimposed on the sensor area. This 
map describes how the measured capacitance between any combination of electrodes 
changes, when a change is made to the dielectric constant of a pixel inside the sensor. 
The sensor 210 is then calibrated at each end of the range of dielectric permittivities to be 
measure. After calibration, the measurements of electric capacitances begin. The 
capacitances between all unique pairs of sensor electrodes are measured continuously at 
high speed, giving N(N-l)/2 unique values per measurement. The cross-sectional 
distribution of the permittivity of the material inside the pipe from the capacitance 
measurements is then calculated, using one or more image reconstruction algorithms 
known in the art, including but not limited to a back-projection algorithm. 

[0029] The two phase flow sensor 200 further includes a first ultrasound sensor 240, and 
a second ultrasound sensor 250. As described in paragraph [21], these sensors provide 
first and second approximate flow measurements, by measuring the speed and direction 
of propagation of ultrasound waves through the fluid mixture 12. The two phase flow 
sensor 200 further includes an electronic processor 280. The processor 280 computes the 
desired two phase flow rate v of the fluid mixture 12, using the concentration ratio 
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obtained from the ECT sensor 210, and the first and second flow measurements provided 
by the ultrasound sensors 240 and 250, and the relationship provided by equation (4). 

[0030] Using the two phase flow sensor as featured in the present invention, it is possible 
to accurately determine the two phase flow rate of a fluid mixture in a manner that 
dynamically incorporates the properties of the components of the fluid mixture. Separate 
calibrations of the flow sensor are not longer required, when the ratio of the different 
phase components in the fluid mixture changes. 

[0031] While the invention has been particularly shown and described with reference to 
specific preferred embodiments, it should be understood by those skilled in the art that 
various changes in form and detail may be made therein without departing from the spirit 
and scope of the invention as defined by the appended claims. 
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